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Dear Editor,

Assisted reproductive technology (ART) has been used for more
than 45 years, by which more than 9 million infants were born.
One of the key factors to determine the success rate of the ART is
embryo selection.'? Due to the existence of aneuploidy in
20%-30% of blastocysts, preimplantation genetic screening
(PGS) has been widely used to increase live birth rate. However,
the live birth rate remains around 50% even with the help of PGS.2
DNA methylation is known to play an important role during
embryogenesis.> A previous study showed that a large propor-
tion of human embryos have abnormal DNA methylome, and
indicated that preimplantation DNA methylation screening (PIMS)
can analyze both copy number variation (CNV) and global DNA
methylation level.> However, whether DNA methylation patterns
can affect the clinical outcome of ART has not been investigated
in clinics. In this regard, we performed a clinical trial of PIMS
(trial number: NCT03642574). We aimed to examine the relation-
ship between embryo methylome and the clinical outcome
of ART.

182 families including 800 blastocysts were enrolled in PIMS.
3-5 biopsied cells from trophectoderm of each blastocyst were
measured with whole genome bisulfite sequencing. Using
methylome data, we analyzed CNV and global average
methylation levels (Supplementary information).> The global
methylation level is the average of all sequencing-covered CpGs.
Our data show that the methylation level variation of different
trophectoderm cells in the same embryo is similar (Supplemen-
tary information, Fig. S1a). Since PIMS can simultaneously
provide information on CNV and methylation, there is no need
to perform PGS to analyze CNV anymore. Not knowing what kind
of methylome can produce the best clinical outcome of ART, we
selected embryos only based on CNV instead of DNA methylome
information. In total, 163 euploid embryos underwent elective
single embryo transfers (Fig. 1a; Supplementary information,
Fig. S2a), and 3 cases of twin pregnancy were excluded from the
downstream analysis. The clinical data show 57 pregnancy
failures, 13 pregnancy losses and 90 (56.25%) live birth neonates
(Supplementary information, Table S1, S2).

To study whether embryos with different methylation levels
have different clinical outcomes, we assigned embryos into
different groups according to their DNA methylation level.
Notably, the embryos with DNA methylation levels between 0.25
and 0.27 produce significantly higher live birth rates than the
embryos with other methylation levels (odds ratio [OR], 2.52;
95% confidence interval [Cl], 1.13-5.95; P = 0.02). The pregnancy
rate shows similar trends (OR, 2.21; Cl, 0.95-5.51; P = 0.06), while
the pregnancy loss rate shows the opposite trends (OR, 0.35; Cl,
0.04-1.75; P=0.22) (Fig. 1b-d). Overall, the higher difference of
the methylation value from the window of 0.25-0.27 is, the
lower the birth rate and pregnancy rate become (Fig. 1b, ¢);
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meanwhile, the pregnancy loss rate becomes higher also
(Fig. 1d). Therefore, euploid embryos with DNA methylation
level closest to 0.25-0.27 should be preferentially selected for
transferring.

The proportion of aneuploid blastocysts in younger women
is significantly less than that in women with advanced maternal
age (AMA, > 38 year old).® During ART practice, PGS can increase
the live birth rate for AMA women, while it has a limited effect
on younger women.>®’ In contrast, the DNA methylation
level variance of embryos is similar between both younger
and AMA women (Fig. 1e). Further analysis shows that the
association between DNA methylation level and the clinical
outcome can be observed in both younger and AMA women
(Fig. 1f, g; Supplementary information, Fig. S3a-d). We further
checked the distribution of the age in each methylation
level window, which shows there are no significant differences
in maternal age among different windows (Supplementary
information, Fig. S4a). These data indicate that the DNA
methylation level affects the clinical outcome in both younger
and AMA women.

DNA methylation abnormalities in imprinted control regions
(ICRs) can cause imprinting disorders. The birth defect of
imprinting disorders occurs in about 0.2% of the human
population, and this rate is doubled in ART-born babies®'°
Unfortunately, imprinting disorders cannot be avoided during
current ART practice. Here, we checked the methylation status of
known germline ICRs."™"® As expected, all these germline ICRs
are middle methylated. In addition, about half of the reads in
ICRs are fully methylated reads, and about half reads are
unmethylated (Supplementary information, Fig. S5a). Further-
more, our data show that some embryos have abnormal
methylation states in germline ICR. For example, the methylation
level of GNAS ICR in an unused embryo is unmethylated with a
significant absence of hypermethylated reads (methylation level:
0.07, P=0.016) (Fig. 1h). Our data suggest that we can use PIMS
to exclude the embryos with methylation mutations in ICRs,
which can potentially decrease the rate of imprinting disorders
during ART practice.

We noticed that some embryos with methylation in the
0.25-0.27 window could not lead to live birth, suggesting that
some important regions with abnormal methylation states
might lead to the failure of live birth. To test whether the
embryos can lead to live birth or not, we divided the embryos
into live birth group and failure birth group. Fifty eight
differential methylated regions (DMRs) between these two
groups were identified with a P value of less than 0.05 (Fig. 1i).
Our data show that 64 genes locate within 10 kb of these DMRs,
and the promoters of 13 genes overlap with DMRs (Fig. 1j;
Supplementary information, Table S3). Some of these genes are
known to regulate embryo development and be affected by
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DNA methylation. For example, DNA methylation of SEPT9
promoter is associated with cervical cancer.'®

Taken together, the PIMS method can examine both CNV and
methylation information of embryos, so it can replace the method

of preimplantation genetic testing for aneuploidy. Embryos with
better methylation states can produce better clinical outcomes
during ART. Therefore, PIMS can potentially increase the live birth
rate of ART, and decrease the birth defect rate.
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Fig. 1 The clinical outcomes of PIMS. a Overview of enrolled participants and the clinical outcomes of their embryos in PIMS. Embryos from
the same participant were presented in the same column. Dashed lines indicate the methylation level window between 0.25-0.27. b—d Barplots
showing pregnancy rate (b), pregnancy loss rate (c) and live birth rate (d) of the embryos with different methylation levels. e Methylation levels
of the embryos for younger and AMA women. Significance of two-sided t-test was indicated above. f, g Barplots showing live birth rate of
embryos with different methylation levels for younger (f) or AMA women (g). * refers to P < 0.05 and the total number of embryos transferred in
each methylation level window was indicated in each column in (b-d, f, g). h Visual track of the embryos with unmethylated GNAS ICR
(P =0.016). Genomic (black) and sequencing covered (red or cyan) CpG sites were indicated by the vertical bars. The gray shaded box indicates
GNAS ICR. i Differential methylated regions between the birth and failure groups. j Methylation level distribution of embryos in the birth and
failure groups for the identified DMR in (i). Genes whose promoter overlapped with DMR were indicated in their corresponding columns in (j).

Boxes and whiskers in (e) and (j) represent the 25th/75th percentiles and 1.5x interquartile range, respectively.
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Method
Human subjects.

The study was approved by the ethics committees at the Center for Reproductive Medicine,
Shandong Provincial Hospital-Shandong University, and Beijing Institute of Genomics,
reference number [2018] IRB No. (26). All the couples provided written informed consent
before participation.

Clinical data collection
Study population.

We aim to enroll participants undergoing IVF cycle with at least one of PGS indications age
from 20 to 45 years old. PGS indications include advanced maternal age, recurrent pregnancy
loss with unknown reason, recurrent implantation failure with unknown reason, severe
oligoteratozoospermia. At least two available blastocysts with morphological grade higher
than BC is required for enrolled participant. Women with listed situation were not enrolled:
uterine abnormalities, hydrosalpinx or any other diseases that might influence pregnancy such
as type | and Il diabetes, hypertension, etc.

Interventions and Duration.

Ovarian hyperstimulation (10 to 30 days): All subjects will receive controlled ovarian
hyperstimulation with gonadotropin releasing hormone (GnRH) agonist long or short
protocol or GnRH antagonist protocol as per physician preference.

Oocyte retrieval, ICSI and embryo culture (5-6 Days): Oocyte retrieval will be performed 34
to 36 hours after oocyte maturation trigger by hCG, GnRHa, or dual trigger. Intracytoplasmic
sperm injection (ICSI) will be applied for all included subjects. On Day 5-6 of embryo culture,
the morphology score of blastocyst was observed and recorded.

Embryo biopsy, verification and NGS test: Subjects in both groups will have all their
embryos frozen and undergone single frozen blastocyst transfer. All blastocysts will be
biopsied on Day five to six. All biopsied cells will be diagnosed by PIMS. Genome-wide DNA
methylation level and chromosome ploidy will be evaluated. Euploid embryos will be
transferred to uterus.

A recovery period after ovarian stimulation of 6-10 weeks to allow, shedding of the
endometrial lining, decline of steroid hormones, and restoration of normal ovarian function:
Endometrial preparation will be started at the second or third menses cycle after oocyte
retrieval. Both natural ovulation cycle and artificial regimen will be needed for endometrial
preparation.

Pregnancy evaluation and follow-up (2 weeks to 10 months): All pregnancies will be
followed up till termination or delivery.

Outcome of subsequent transfers (12-21 months): If live birth is not achieved by initial
transfer and there are euploid embryos, subsequent single embryo transfer(s) will be
performed (up to 3 or up to one year after enrollment).

Evaluations.



Conception: After twelve to fifteen days the embryo transferred, serum Quantitative hCG
will be tested. Conception will be diagnosed with a quantitative hCG of 25 mIU/ml or above.
Clinical pregnancy: Twenty days after conception, transvaginal ultrasonography will be
performed. Clinical pregnancy will be diagnosed with detection of an intrauterine gestational
sac.

Obstetric complications, live birth, and neonatal complications including congenital
anomalies: These outcomes will be determined with reference to the obstetric and neonatal
medical record.

Outcomes.

The primary outcome is the live birth rate in women using the embryos with euploid
chromosomes through PIMS. Secondary outcomes are the rates of pregnancy, pregnancy loss
and live birth with different pattern of DNA methylation.

DNA methylation library generation and data analysis

DNA methylome preparation: DNA methylome was prepared using the optimized WGBS
protocol known as ‘one-tube’ from our lab.! In brief, genome DNA of 3 to 5 cells obtained
from trophectoderm of blastocyst was extracted and fragmented by sonication. The
fragmented DNA was then subjected to end repair, dA tailing and adaptor ligation before
bisulfite treatment. Two rounds of PCR amplification using indexed sequencing primer were
then performed with 8 cycles in the first round and 8 to 12 cycles in the second round.

Sequencing read quality control and alignment: All bisulfite sequencing reads were first
trimmed to remove adaptors and low quality bases using Trimmomatic (version 0.33)
(parameters: LEADING:5 TRAILING:5 SLIDINGWINDOW:4:20 MINLEN:36).” Next, pair-end
reads passed quality control were mapped to the human reference genome (hgl19) using
bismark (version 0.16.3) on pair-end mode (parameters: -X 1000 -non_bs_mm).” Single-end
reads passed quality control were mapped to reference using single-end mode (parameters:
-non_bs_mm). Samtools and Picard were then employed to sort and remove PCR duplication
reads.’

DNA methylation level estimation: All sequencing reads with fully unconverted non-CpG
cytosine were removed before calling DNA methylation status. To extract methylation status
on cytosines, bismark_methylation_extractor was applied on pair-end reads (parameters: -p
-non_overlap -comprehensive -report) and single-end reads (parameters: -s -
comprehensive -report). For each CpG site, the methylation level is determined by the ratio
of methylated C in covered reads to total number of reads covered this CpG. Whole genome
DNA methylation level is determined by the average DNA metylation level of all covered CpG
site.

Chromosomal copy number variation estimation.

The chromosome number was calculated by R package HMMcopy’. In brief, genome was
divided into non-overlapping windows of 1Mb. Then read numbers were counted in these
windows and next were corrected by GC content and mappability. The copy numbers were
then segmented and classified with a robust Hidden Markov Model. The detected aneuploid
embryos were excluded from embryo selection for transfer, as designed and described in the



study protocol.

Difference of methylation level between embryo with different maternal age.

Embryo with maternal age higher or less than 38 years old were separated into different
groups. Embryo methylation level for each group were summarized and difference
significance between groups were calculated using two-sided t test in R.

Clinical outcome statistical analysis.

To study clinical outcome differences between the embryos with different DNA methylation
level, we assigned embryos into 5 different group according to their DNA methylation level.
Outcomes were summarized for each group individually. Two-sided fisher exact test function
in R were employed to calculate significance on difference in pregnancy rate, pregnancy loss
rate or live birth rate between embryo inside and outside the methylation level window
0.25~0.27. For advanced maternal age group (maternal age =38 years old) and young group
(maternal age <38 years old), clinical outcome difference significance was called using same
method described above. The number of windows for AMA group is decreased to 3 because
the number of embryos transferred in this group is limited.

To validate the difference in outcome is not related with biased maternal age, the maternal
age of embryos in the identified optimal window was compared with embryos in other
windows. Two-sided T test was applied to calculate the significance of this difference.

Imprinting control regions defect analysis.

The genomic location of known ICRs were acquired from previous report™”. To identify
defect in ICRs, we firstly defined expected frequencies on differential methylated allele in
known ICRs by extract bisulfite sequencing reads, which covered more than 3 CpGs, from all
birth embryos. Allele were separated into three different methylation states, allele with DNA
methylation level in 0.66~1 was denoted as ‘Meth’ , 0.33~0.66 as ‘Mixed’ and 0~0.33
as ‘Unmeth’ . Proportion of each state in an ICR was defined as expected allelic frequencies
of this ICR.

Then, we validated ICR location by our data. We merged the methylomes of birth groups,

and checked the methylation levels of the reported ICRs. If the methylation levels of the
reported ICRs are within 0.35 — 0.65, we regard them as the true germ line ICRs. “The true
germ line ICRs” are used for further analyses in this study.
To test if a germ line ICR in a given sample is in abnormal methylation pattern, we extracted
bisulfite sequencing reads of this sample in this ICR, and get the observed different
methylated allele frequencies for this region using same method described above. Next, the
observed allele frequencies were compared with expected allele frequencies based on allele
absolute counts using fisher exact test for ‘Meth’ or ‘Unmeth’ allele. The fisher exact
test P value were used to describe the ICR methylation pattern abnormalities significance with
alternative hypothesis set as  ‘two-sided’

Calling the differential methylated regions associated with clinical outcome.
To identify DMRs, we compared the methylomes for all transferred embryos. Human
genome was split into non-overlapping sliding windows with the length of 1000 bp. The DNA



methylation level of each window in each embryo is calculated. If CpGs within a window was
covered by more than 30 times in an embryo, this window would be considered as an
effectively covered window for the embryo. Next, we split all embryos into two groups.
Embryos producing live birth were assigned into birth group, and embryos failed to produce
live birth were assigned into failure in birth group (failure-group). For each window, we
calculated the proportion of the embryo number with  “effectively covered window” versus
total embryo number within birth group or failure-group. Low-coverage windows, defined as
the proportion less than 5% in any group, were excluded from the following analyses. Finally,
we calculated the mean methylation level of every window within each group, and then
performed two-sided student t test between two groups. A window with different methylation
level greater than 0.1 (P<0.05) was annotated as a DMR.

Gene annotation and statistics.

To find genes and genomic elements neighboring DMRs, NCBI RefSeq and
RepeatMasker on hgl9 were downloaded from UCSC table browser. Gene promoter region
was defined as 1000 bp upstream and downstream of TSS. Gene has promoter overlapped
with DMR with at least 1 bp was defined as TSS-DMR overlapped gene. Gene located within
upstream or downstream 10 kb of DMRs were defined as DMR related gene. To analyze DMR
neighboring retrotransposons, location of LINE, SINE, LTR and SVA were extracted from
RepeatMasker. Retrotransposons located within upstream or downstream 1 kb of DMRs were
defined as DMR related retrotransposons.
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182 families were enrolled in this trial.
Each family had =2 blastocysts

with Gardner morphological grade
higher than 4BC to test by PIMT

PIMT embryo diagnose using biopsied cells.
All embryos were kept frozen before transfer

142 families had euploid embryos 40 families did not have euploid embryos

I
I |
134 families had first transfer 8 families drop out
using euploid embryos, the results are:
74 Delivered live infants, 4 of them have defects
1 Twin pregnancy and delivered live infant
11 Pregnancy loss
48 Pregnancy failure

59 eSETs failed in delivering infants

41 families still had euploid embryos 18 families have no more euploid embryo

[
[ |
25 families have second transfer 16 families drop out
using euploid embryos, the results are:
14 Delivered live infants, 2 of them have defects
1 Twin pregnancy and delivered live infant
2 Pregnancy loss
1 Twin pregnancy and pregnancy loss
7 Pregnancy failure
|

10 eSETs failed in delivering infants

8 families still had euploid embryos 2 families have no more euploid embryo

4 families have third transfer 4 families drop out
using euploid embryos, the results are:
2 Delivered live infants

1 Pregnancy loss

1 Pregnancy failure

Supplementary information, Fig. S2 Flowchart of PIMS clinic trial. a Initially, 800
blastocysts from 182 participants were diagnosed by PIMS. Euploid frozen embryo was
then selected and transferred without consideration of DNA methylation level. 48 families
did not perform embryo transfer, include 40 had no euploid embryos and 8 lost to
follow-up. 134 families had at least one elective single embryo transfer (eSET). In total,
163 euploid embryos performed eSETs. 3 eSETs resulted in twin pregnancy. In the follow-
ing analysis, we focused in the 160 euploid embryos which produced single pregnancy or
non-pregnancy. Embryo transfer were performed up to 3 times for participant when
euploid embryo is available and they adhered to protocol. 3 cases of transfers resulted in
twin pregnancy were excluded in downstream analysis, because assigning the DNA
methylation level for these embryos are impossible.
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Supplementary information, Fig. S3 Pregnancy rate and pregnancy loss rate of
younger and AMA women a, b Pregnancy rate of embryos with different methylation
level for younger (a) (P=0.03) and AMA (b) women. ¢, d Pregnancy loss rate of embryos
with different methylation level for younger (¢) and AMA (d) women. * refers to P < 0.05
and total number of embryos transferred in each methylation level window were indicat-
ed above each columns.
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Supplementary information, Fig. S4 Maternal age of embryos in different methylation
window. a Each box and whisker represent the the 25th/75th percentiles and 1.5X interquartile
range of maternal age of embryo in the corresponding methylation level window. Dots represent
transferred embryos in PIMS. We compared maternal age between the embryos in the window
of 0.25~0.27 and those in other windows, and performed two-sided T test.
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reads in germline ICRs. a Each column represents a known ICR, the proportion of different
colors in each column represents the frequencies of fully-methylated (red), middle-methylated

Supplementary information, Fig. S5 Observed frequencies of differential methylated
(black) and un-methylated (cyan) reads in data merged from all live birth embryos. For each

ICR, their genomic location, imprinted allele (M, maternal; P, paternal) and related gene were

indicated below corresponding column.
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